ABSTRACT. The steady state ventilatory response to inhaled C 0 2 was measured in eleven unanesthetized premature Macaca nemestrina during the first 3 wk of life in different steady state background O2 mixtures hypoxia (F102 = 0.08 or 0.12), normoxia (F1oz = 0.21) and hyperoxia (F102 = 0.96). Hyperoxic AV~/APACO~ and A Pq.2/ A p~c o , were significantly greater than hypoxic AV,/ APACO~ and A P 0 . 2 / A P~~0 2 , respectively, at both 2 and 21 days postnatal age by the Mann Whitney test of nonparametric ranking (2 days: 89.6 and 80.2" versus 88.7 and 56.4", respectively; 21 days: 89.3 and 76.6" versus 50.2 and 57.1°, respectively; p < 0.05). Hypoxic AV1/AP~co2 was significantly depressed compared to normoxic AVI/ APACO~ only at 21 days of age (50.2 versus 89.4", respectively; p < 0.05); hyperoxic C 0 2 sensitivity and normoxic COz sensitivity did not differ at either age. The ventilatory interaction between 02-C02 in the neonatal primate appears to be the inverse of the typical adult ventilatory interaction. It is hypothesized that differential changes in brain stem blood flow between neonates and adults might explain this difference in 02-COz ventilatory interaction. (Pediatr Res 19: 528-533, 1985 human adult respiratory control system. Moderate hypoxia augments the ventilatory response to carbon dioxide in the awake adult man (1. 2) whereas hyperoxia decreases the ventilatory response to inhaled C02. More detailed studies in animals indicate that separate, interactive depressant and stimulant effects of hypoxia and carbon dioxide can coexist (3, 4). Therefore, the ventilatory interaction between oxygen and carbon dioxide in adult man and animals is a complex one involving the coexistence of stimulant and depressant interactions.
human adult respiratory control system. Moderate hypoxia augments the ventilatory response to carbon dioxide in the awake adult man (1. 2) whereas hyperoxia decreases the ventilatory response to inhaled C02. More detailed studies in animals indicate that separate, interactive depressant and stimulant effects of hypoxia and carbon dioxide can coexist (3, 4) . Therefore, the ventilatory interaction between oxygen and carbon dioxide in adult man and animals is a complex one involving the coexistence of stimulant and depressant interactions.
In contrast to this relatively detailed understanding of the interaction between oxygen and carbon dioxide in adult species, there is only one report in infants. Rigatto et al. (5) have shown that moderate hypoxia depresses C 0 2 sensitivity in premature human infants 2 to 1 1 days of age whereas hyperoxia augments the ventilatory response to inhaled C02. This apparent contrast to the ventilatory interaction of O2 and C 0 2 in adults stimulated us to reexamine this question in more detail in the preterm monkey.
Since normoxic C 0 2 sensitivity has been reported to increase with advancing postnatal age (6) and since the infant's ventilatory response to hypoxia is known to change from an initial biphasic response to a mature, adult-like response of sustained hyperventilation by 18 to 21 days of age (7, 8) , we hypothesized that Oz-C 0 2 interaction might become similar to that of adults during this time period.
MATERIALS AND METHODS
Eleven premature infant Macaca nemestrina at a gestational age of 150 to 153 days (0.89 to 0.9 1 of term) were obtained from timed conceptions by cesarean section. Birth weights ranged between 350 and 450 g. Chest roentgenograms, blood gases, and clinical criteria confirmed the infants were healthy and free of lung disease. Eleven monkeys were studied at 2 days of age and nine at a postnatal age of 2 1 days including eight animals which were studied at both ages.
The animals were restrained in the supine position and warmed by a heating pad and an overhead radiant heat source to maintain a neutral thermal environment as determined by maintaining an abdominal surface to core temperature gradient at +0.5"C on day 2 and tl.O"C on day 21. Group mean core temperature was the same on both study days at 37.5 f 0.5"C. A flexible cannula was modified for use as a tracheostomy tube (flow resistance = 0.25 cm H20/liter/min at 3 liter/min) and surgically placed under nitrous oxide plus local chloroprocaine HCI anesthesia on day 2. The tracheostomy necessarily eliminated the potential influence of changes in the resistance of upper airways during breathing the various respiratory stimuli. An end expiratory pressure of 2 cm H20 was applied via the tube to maintain the animal at FRC. After the study was completed, the tube was removed and tracheal incision closed. Replacement of the cannula (flow resistance = 0.10 cm H20/liter/min at 3 liter/ oxic hypercapnic ventilatory slopes approached or reached infinity, all slopes were converted to angular coordinates according to the formu1a:arc tan (AVl/AP~co2) = 0 or arc tan (AP0.21 APAco~) = 0 were 0 equals the slope of the ventilatory response to C 0 2 expressed in degrees. This statistical analysis is a simplification of the mean directional analysis technique suggested by Daubenspeck and Ogden (1 5).
The anuglar slopes were analyzed using the Mann Whitney test (two-tailed) of nonparametric ranking for unpaired numbers (16). This test is more appropriate than the Student's t test in this situation as the calculated angles are not normally distributed. The changes in the timing and volumetric components of ventilation were analyzed using the Student's t test (two-tailed) for paired variables in the eight animals studied at both postnatal ages. For statistical comparison, the change in a given variable between the steady state point in hyperoxia, normoxia, or hypoxia was compared to the respective variable in the same background O2 mixture 5 to 7 min after C 0 2 had been added to the background gas and a steady state had been reached (6) (7) (8) .
All p values equal to or less than 0.05 were considered significant.
RESULTS
Volumetric, pressure, and timing data. There was a highly significant increase in VT and VT/Ti when 4% CO2 was added to each of the background O2 mixtures ( p < 0.01) except during inhalation of the hypoxic gas at 3 wk of age when the increases in both variables approached but did not reach statistical significance because of increased variability in V, ( p < 0.1) (Fig. 2 A and B). Airway occlusion pressures increased significantly during normoxic hypercapnia and hyperoxic hypercapnia at both ages ( p < 0.01) and during hypoxic hypercapnia at 2 days of age ( p < 0.01) (see fig. 3 ); however, the change in from after 5 min of hypoxia to hypoxic hypercapnia was not significant at 21 days of age ( p < 0.2).
In the animals studied at 2 days of age, respiratory frequency increased and T,,, decreased only between steady state hyperoxia 02-C02 VENTILATORY INTERACTION 5.3 1 and hyperoxic hypercapnia ( p < 0.05) (Fig. 4 ). There were no differences in frequency between normoxic hypercapnia and hypoxic hypercapnia and the respective O2 steady state points indicating that the increase in V, during C 0 2 inhalation in these background O2 mixtures was mediated by an increase in V, alone at this age. Inspiratory time was shortened during normoxic hypercapnia and hyperoxic hypercapnia compared to the respective steady state conditions but the ratio of Ti/TIO1 was unchanged. Tie did not change during any of the experimental conditions in the younger animals (Table I) . Hyperoxic C 0 2 sensitivity was significantly greater than hypoxic CO2 sensitivity at both 2 and 21 days of age by the Mann Whitney test at p < 0.05. Hypoxic C 0 2 sensitivity was significantly lower than normoxic C 0 2 sensitivity at 2 1 days of age only ( p < 0.05).
In the 3-wk-old animals, respiratory frequency increased significantly and T,,, decreased during hyperoxic and normo:tic hypercapnia ( p < 0.0 1) (Fig. 5) . A concomitant shortening of Ti in these conditions ( p < 0.01) was greater than the decrease in T,,, such that T,/T,,, also decreased significantly (normoxia to normoxic hypercapnia 0.52 + 0.01 to 0.45 + 0.02, respectively; hyperoxia to hyperoxic hypercapnia 0.53 + 0.01 to 0.45 + 0.01, respectively; p < 0.01). This increase in respiratory frequency and the shortening of Ti and TJT,,, during hyperoxic and normoxic hypercapnia was associated with a shortening of Tisuggesting that the central inspiratory setting also decreased. None of the timing variables changed during hypoxic hypercapnia compared to steady state hypoxia alone, although frequen.cy was increased during hypoxia (7) .
Ventilatory response to inhaled COz. The angular slope of the steady state C02 response when expressed as the change in \I,/ kg per unit change in PACO~ was significantly greater during inhalation of the hyperoxic background mixture than during inhalation of the hypoxic background gas at both 2 and 21 days of age (Table 2 and Fig. 6 ). The angular slope of the ventilatory response to C02 during hypoxia was significantly depressed compared to the angular slope during normoxia at 21 days of age but in the 2-day-old animals the responses did not differ. Hyperoxia did not significantly augment the angular slope of the C02 response curve compared to normoxia at either postnatal age.
When the increases in airway occlusion pressures per unit increase in PACO~ were utilized as an index of the C 0 2 response, the angular slope during hypoxia was again significantly depressed compared to the hyperoxic C02 response at both 2 and 3). The angular slope of the hypoxic C 0 2 response was not different from the normoxic C 0 2 response at either age and the hyperoxic C 0 2 response was not significantly augmented compared to normoxic C 0 2 response values. Postnatal maturation did not influence steady state AVI/ APACO~ or A P 0 . 2 / A P~~0 2 in NREM sleep during normoxia, hyperoxia, or hypoxia in this study (Table 2 ). Hypoxic C 0 2 sensitivity did not convert from depression to an adult-like augmentation compared to the slope determined in a normoxic or hyperoxic background gas mixture by 3 wk of age; in fact, the hypoxic AV~/APACO~ at 3 wk of age actually tended to be lower than the hypoxic C 0 2 response at a postnatal age of 2 days but this difference did not reach statistical significance ( p < 0.1).
DISCUSSION
These results confirm in the preterm primate the previous observations in human prematures that the ventilatory response to inhaled C 0 2 is increased during hyperoxia compared to a relative depression during hypoxia (5) . The data extend previous observations by controlling for the potential effects of sleep state and by demonstrating that hypoxia continues to depress the C 0 2 response in newborns older than previously studied-at an age when the ventilatory response to hypoxia alone is known to be adult-like, ie, sustained hyperventilation (7). In addition, the volumetric and timing components of the augmented CO2 response during hyperoxia and its depression during hypoxia are defined for the first time. The increase in the ventilatory response to C 0 2 observed during inhalation of the hyperoxic background gas was mediated by a significant increase in VT and a decrease in Ti and T,,, at both postnatal ages studied. The augmentation of respiratory frequency in the 3-wk-old animals appeared to be centrally mediated as has been shown in adult cats (1 3); whereas, in the younger animals, the means by which frequency increased was not identified in the present investigation although others have found this response to be vagally mediated (17). Since the tracheostomy eliminated the role of the upper airway muscles in altering the V, and frequency response to the stimuli, the components and magnitude of the ventilatory response, especially changes in T, might be different in an intact animal.
The relative depression of the C 0 2 response during hypoxic conditions was determined in the younger animals by a failure of respiratory frequency to increase further above the level already elevated during steady state hypoxia (7). In the 3-wk-old animals, VT and frequency were already increased during steady state hypoxia and both did not further increase significantly after the addition of C 0 2 to the inspired gas mixture. These two factors and the associated large: increase in PAco2 resulted in the observed depression of AVl/AP~co2 during hypoxic conditions compared to hyperoxic conditions. Changes in O2 consumption among the experimental conditions cannot be ruled out in the present study but others have found no change in the newborn's O2 consumption during hypoxia under conditions of neutral thermal environment (1 8).
The observed ventilatory interactions between O2 and C 0 2 in this study and the previous investigation in human prematures by Rigatto ct a/. (5) contrast with the usual findings in adults of hypoxic-induced augmentation of the C 0 2 response and a decrease of the slope of the C 0 2 response during hyperoxia (1, 2).
The mechanism(s) involved in the apparently contrasting ventilatory interactions between oxygen and carbon dioxide in infants and adults is (are) unclear. Differential effects of O2 and C 0 2 on the sensor, integrator, and/or effective elements of the respiratory control system might be involved. Differences in experimental design might also be important as the two studies in the newborn employed the steady state method whereas the rebreathing method was utilized in the classic adult studies ( I ,
1\ i ) .
Differences in input from peripheral chemoreceptors and the consequent changes in phrenic nerve activity do not appear to be important since the immediate (<1 min) ventilatory effects of hypoxia and hyperoxia are the same in infants and adults when the alveolar PO2 levels are similar (19) and carotid sinus nerve activity remains active during hypoxia (20). However, quantitative data on increased carotid sinus and phrenic nerve activity during hypoxia and hyperoxia at a constant Pco2 are not available in the newborn to compare to adult data.
Differences in the levels of stimuli [(H)' and/or Pco~] presenting to the central chemoreceptors might explain the opposlte ventilatory interaction between O2 and C 0 2 in infants and adults. Hyperoxia, hypoxia, and hypercapnia induce changes in cerebral blood flow which are of a different magnitude in newborns compared to adults (2 1-24); this difference might alter the magnitude of the stimuli at central chemoreceptors (25) . Hyperoxia decreases cerebral blood flow more in newborn than adult animals (2 1, 22) and hypercapnia increases cerebral flow less in the newborn than in the adult monkey (24) . Theoretically, a net decrease in brain stem blood flow during hyperoxic hypercapnia in the newborn but not the adult might result in a local increase in (H)+ and/or Pco, surrounding central chemoreceptors and result, in augmentation of A V , / A P A C~~. Such an augmentation of AV1/AP~co2 has been demonstrated in the unanesthetized adult goat at a 30% reduction in brain blood flow (25) . Similarly, hypoxia is a more powerful stimulant to cerebral blood flow in neonates than in adult animals (23) and this increase in cerebral blood flow is blunted by hypocapnia more in adult than newborn monkeys (24) . The resulting increase in medullary blood flow may be greater in the newborn than in adults and result in a diminution in the hypoxic hypercapnic ventilatory response; such an interaction has been demonstrated and adults might be relevant as it is known that changes in FRC 16. Snedecor GW, Cochran WG 1967 Statistical Methods. 6th ed. The Iowa Stare influence the airway occlusion pressure generated byB constant phrenic nerve stimulation (27) . The reported effects of hypoxia and hypercapnia on FRC in adults are inconsistent showing either small increases in FRC (28) or no changes (29) . No data are available on the effects of 02-C02 interaction on FRC and Po in the newborn. Finally, hypoxia might induce diaphragmatic fatigue more in newborn than adult animals. Such an effect in adult men breathing 13% O2 has been shown (30) but other studies show no effect of hypoxia on diaphragmatic fatigue in adults (3 1) or newborn kittens (20).
